INTRODUCTION
Longitudinal bone growth is achieved at the growth plate where a cartilaginous template is made and then is converted to trabecular bone at the adjacent metaphysis, a process called endochondral ossification (1) . In 1990s, gain-of-function mutations in fibroblast growth factor receptor-3 (FGFR3) were found responsible for achondroplasia (ACH), the most common type of human dwarfism (2, 3) . Later on, gain-of-function mutations in FGFR3 were further identified in several other types of human skeletal dysplasias, including hypochondroplasia (HCH) and thanatophoric dysplasia (TD) (4) . TD has been classified into TDI and TDII. TDI patients have curved, short femurs with or without cloverleaf skull and TDII patients have relatively longer femurs with severe cloverleaf skull (5) . In contrast, humans with downregulated FGFR3 activity exhibit camptodactyly, a syndrome with a tall stature, scoliosis and hearing loss (CATSHL) (6) . These studies demonstrate that FGFR3 is a negative regulator of endochondral bone growth.
Mice carrying activated mutations in FGFR3 are obviously small, with smaller round heads, shorter long bones and abnormal morphologic structure of growth plates (7 -9) . It has been demonstrated that FGFR3 inhibits chondrocyte proliferation * To whom correspondence should be addressed. Tel: +86 2368702991; Fax: +86 2368702991; Email: linchen70@163.com # The Author 2012. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com through Stat1 signaling by inducing the expression of cell cycle suppressor genes, such as the cyclin-dependent kinase inhibitor p21 (10) (11) (12) . Moreover, FGFR3 also inhibits chondrocyte differentiation via the extracellular signal-regulated kinase (ERK)/mitogen-activated protein kinase (MAPK) pathway (13) .
Although these studies have significantly improved our understanding of the mechanisms for FGFR3-related skeletal dysplasia, no effective treatments for these genetic skeletal disorders are now available. It is conceivable that downregulating the activity of FGFR3 itself or its downstream molecules may alleviate the skeleton phenotypes of ACH/TD. In the present study, we screened a phage library containing random 12-peptide inserts, using FGFR3 as bait, and obtained 23 positive clones that share identical amino acid sequences (VSPPLTLGQLLS), named as peptide P3. P3 had high binding affinity to the extracellular domain of FGFR3. We found that P3 inhibited the tyrosine kinase activity of FGFR3 and its downstream ERK/MAPK pathway in chondrocytes. P3 also promoted proliferation and chondrogenic differentiation of cultured ATDC5 chondrogenic cells. In addition, P3 improved the growth of bone rudiments from TDII mice in vitro and rescued the lethal phenotype of mice mimicking human TDII in vivo.
RESULTS

Identification of specific FGFR3-binding peptide using phage display technique
Three rounds of biopanning were performed to select specific FGFR3-binding clones from the 12-peptide phage library. As shown in Table 1 , phage recovery rates of the second and third round of screening were much higher than the first round (4.44 × 10 25 % and 4.66 × 10
23
% compared with 2.99 × 10 22 %), indicating that phages with a high affinity to FGFR3 were effectively enriched after three rounds of selection (Table 1) . A total of 44 individual phage clones were obtained after three rounds of panning. Their corresponding amino acid sequences were deduced from the DNA sequences. Among 44 phage clones, 23 clones shared identical amino acid sequences (VSPPLTLGQLLS, named as peptide P3).
To identify high-affinity FGFR3-binding clones, the recovered phage clones were examined by enzyme-linked immunosorbent assay (ELISA) for FGFR3 binding with control phage (vcsM13) (Fig. 1A) . When optical density (OD) values of phage clones were two times greater than that of phage vcsM13, they will be considered to have high binding affinity for FGFR3. As shown in Figure 1A , OD values of four selected clones with different amino acid sequences (the phage clone 3 having P3 sequence) were five times higher than that of the control, indicating that these four clones had high binding affinity to FGFR3.
We next tested their ability to bind FGFR3 through competitive elution with FGF2 (Fig. 1B) . Our data indicated that FGF2 had high elution efficiency for these clones, especially for clones 1 -3 (over 96%). Since FGF2 exerts its biological activities via binding to the extracellular domain of FGFR3 (14) , the competitive binding of these phage clones with FGF2 to FGFR3 suggests that these phage clones may mimic the binding of FGF2 to the extracellular domain of FGFR3.
Peptide P3 binds specifically to the extracellular domain of FGFR3
To assess the binding ability and specificity of P3 to FGFR3, ELISA binding studies were performed (15) . In this assay, P3 peptide was coated on the plate, the extracellular or intracellular fragment of FGFR3 was then added and the bound FGFR3 protein was detected by corresponding specific antibody following enzymatic color reaction as facilitated by a secondary antibody conjugated with horseradish peroxidase (HRP) and absorbance reading. To determine which region of FGFR3 has been bound by P3, we tested the dose -response effect of P3 to bind the extracellular or intracellular fragment of FGFR3. The results of binding assays demonstrated that P3 strongly bound to the extracellular region of FGFR3, but not the intracellular domain of FGFR3 (Fig. 1C) .
Peptide P3 inhibits tyrosine kinase activity of FGFR3
To determine whether P3 affects FGFR3 activity, we first investigated the effect of peptide P3 on FGFR3 tyrosine kinase activity. Wild-type (WT) and constitutively active mutant FGFR3 (FGFR3 K650M, FGFR3 K644E) were transiently expressed in 293T cells, and the cells were then treated with or without 10 mM of P3. The results showed that peptide P3 significantly inhibited the phosphorylation of WT FGFR3, K650M FGFR3 and K644E FGFR3, indicating that peptide P3 had the ability to inhibit ligand-independent activation of FGFR3 ( Fig. 2A) .
Peptide P3 inhibits the ERK/MAPK pathway in FGFR3-expressing chondrocytic cell line ATDC5
We next examined the effects of P3 on downstream signaling of FGFR3 in ATDC5 cells that have strong expression of FGFR3 (16) . Since FGFs/FGFRs exert their diverse biological effects through multiple intracellular signaling pathways, among which the ERK/MAPK pathway has been found to inhibit chondrocyte differentiation and matrix synthesis (13), we examined the effect of P3 on ERK1/2 phosphorylation induced by FGF2 in the ATDC5 cells. Our data showed that the FGF2-mediated ERK1/2 phosphorylation was partially blocked by P3 at different time points after FGF2 treatment (Fig. 2B) , indicating that peptide P3 inhibited FGFR3 downstream signaling, the ERK/MAPK pathway in chondrocytes. (17) . Methylthiazoletetrazolium (MTT) assay was used to test the concentration-dependent effect of peptide P3 treatment (for 24 h) on ATDC5 proliferation. We found that P3 significantly increased ATDC5 cells proliferation (Fig. 3A) . In the presence of FGF2 in culture, P3 significantly reversed the inhibitory effect of FGF2 on ATDC5 proliferation (Supplementary Material, Fig. S1A ). To examine the apoptotic effect of P3 on ATDC5 cells, we performed a terminal deoxynucleotidyl transferase dUTP nick end-labeling assay and found that treatment with P3 (10 mM) had no significant effect on the apoptosis of ATDC5 cells (Supplementary Material, Fig. S1B ). To determine whether P3 rescued FGFR3 signal-mediated inhibition on chondrogenesis, we added P3 (10 mM) to the ATDC5 cell micromass cultures treated with FGF2 (20 ng/ml). The abundance of sulfated proteoglycans was grossly revealed by Alcian blue staining. The staining intensity was significantly reduced in FGF2-treated cells. Addition of P3 at the beginning of the chondrogenic induction period significantly reversed the inhibitory effect of FGF2 on chondrogenesis since similar staining intensity was observed in cells treated with FGF2 plus P3 or cells treated with P3 alone when compared with the controls (Fig. 3B) . Levels of sulfated glycosaminoglycans (Fig. 3C) , as quantified by Dimethylmethylene Blue (DMMB) assay, were significantly decreased in FGF2-treated ATDC5 micromass culture compared with nontreatment controls. Addition of P3 significantly increased sulfated glycosaminoglycans in FGF2-treated ATDC5 micromass cultures, with the levels of glycosaminoglycans not significantly different from those of FGF2-nontreated controls. These results were consistent with the results of Alcian blue staining. These results suggest that P3 prevented the inhibitory effect of FGF2 on chondrocyte differentiation. We further determined the effect of P3 on the expressions of several chondrogenic marker genes during ATDC5 differentiation with P3 (10 mM) being added from the beginning of the chondrogenic induction. After 3 or 7 days incubation, total RNA was extracted and real-time polymerase chain reaction (PCR) analysis was performed. We found that the levels of several chondrogenic markers, such as Sox9, Col2 and Col10, were all increased in cultures treated with P3 peptide when compared with nontreated controls (Fig. 3D -F) . The levels of Col2 mRNA were up-regulated approximately by 40% at Day 3 and by 51% at Day 7 in P3-treated cells. The levels of Sox9 mRNA were increased by 100% at Day 3, and by 225% at Day 7. There was a minor increase in Col10 levels at Day 3 and 34% increase in Col10 levels at Day 7. These results indicate that peptide P3 promoted the chondrogenic differentiation.
Peptide P3 attenuates FGFR3-mediated growth inhibition in metatarsal bones cultures
To determine the effect of P3 on FGFR3-mediated inhibition of bone development, we employed an embryonic bone culture system, in which bone growth can be monitored under defined conditions. We examined the effects of P3 on the growth of the cultured metatarsal bones isolated from developing embryos of mice mimicking human TDII (Fgfr3 Neo -K644E/+ EIIa-Cre mice) (18) . The growth of rudiments was evaluated by calculating the percentage increase of length before and after culture with or without P3 treatment. The percentage increases in total length (TL) of bone and the length of hypertrophic zone of metatarsals from TDII mice were smaller compared with WT mice, further confirming the FGFR3-mediated inhibition of bone growth and chondrocyte differentiation ( Fig. 4A -C) . Cultures of bones from TDII embryos for 7 days revealed that treatment with 10 mM of P3 increased the TL of metatarsal bone compared with nontreated controls ( Fig. 4A and B ). Quantitative analysis also revealed that the percentage increase in the length of hypertrophic zone of TDII bones was also increased by P3 treatment (Fig. 4C ). However, P3 had no significant effect on the percentage increase in the length of proliferative zone of TDII bones (Fig. 4D ). Our data indicate that peptide P3 alleviated the bone growth retardation mainly by promoting chondrocyte differentiation in TDII mice. Peptide P3 rescues the lethal phenotype and partially restores the structural distortion of growth plates in TDII mice
We previously found that TDII mice died within several hours after birth as a result of restricted respiration caused by retarded thoracic cage development (18) . Here, we treated pregnant Fgfr3 Neo-K644E/+ mice that had been crossed with male heterozygous EIIa-Cre mice with P3 peritoneal injection daily (100 mg/kg body weight) at E16.5 until birth. All TDII pups without P3 treatment died within a few hours after birth and showed abnormalities as described previously (18), including a dome-shaped skull, decreased ossification in the spine, ribs and epiphyses and obvious curvature of the axial skeleton, whereas all TDII pups treated with peptide P3 were survived (Fig. 5A -D) . Among the 104 mice born by pregnant mice injected with P3, 12 of them were TDII mice. All these mutant mice were survived after birth to maximal 140 days (Table 2 , Fig. 5B and C) . Although P3-treated TDII mice survived from early postnatal lethality, they still exhibited small habius, short and round skull ( Fig. 5B and  C) . Examination of the cranial base revealed a premature closure of the spheno-occipital synchondroses in TDII mice, and the premature closure of the cranial bases of TDII mice treated with peptide P3 and WT mice appeared to be normal (Fig. 5E ). Skeleton preparations of newborn pups showed that treatment with P3 reversed the abnormal ossification of sternebrae and the widening of the sternum and costal cartilage in TDII mice ( Fig. 5F and G) . Examination of the long bones revealed that treatment with P3 alleviated the shortening of long bones in TDII mice (Fig. 5H-K) .
Histological examinations using H&E staining revealed a reduction in width of the hypertrophic zone of growth plates of the TDII mice with small hypertrophic chondrocytes compared with WT mice (Fig. 6A ). When treated with peptide P3, the hypertrophic zone was markedly expanded and the morphology of the proliferative and hypertrophic chondrocytes significantly changed (Fig. 6A) . The hypertrophic chondrocytes in the P3-treated growth plates appeared to be more spherical and enlarged, resembling to hypertrophic chondrocytes in the growth plates of WT mice. However, although the growth plates of the P3-treated TDII mice were remarkably improved, the width of the proliferative and hypertrophic Human
zones was still reduced when compared with WT mice (Fig. 6A and B) . Histological staining showed that the tibial trabecular bone of P3-treated TDII mouse at 140 days was sparser than that of WT mice, suggesting that the bone formation via endochondrol ossification was still impaired in P3-treated TDII mice (Fig. 6C, Supplementary Material,  Fig. S2 ). These results demonstrate that treatment with P3 significantly rescued the severe defects of growth plate development in TDII mice by restoring the disrupted chondrocyte maturation process. Histological analysis of lung tissues of new born WT mice showed formation of large alveoli, while alveoli were not well formed in TDII mice as described previously (18) . In contrast, the morphology of lung tissues in P3-treated TDII mice was similar to that in WT mice, which had grossly normal alveoli formation (Fig. 6D) .
DISCUSSION
Activating FGFR3 mutations in humans are associated with several types of dwarfisms (2, 4, 19) . Among them, ACH patients exhibit short stature especially in the proximal upper and lower limbs, central facial dysplasia, macrocephaly and spine protrusion (19) (20) (21) . TD, the most common form of lethal skeletal dysplasia, is featured by macrocephaly, narrow bell-shaped thorax and severe shortening of the limbs, and lethality in the neonatal period (5, 22) .
At present, there are few approaches used to treat ACH/TD patients: mainly growth hormone therapy and surgical limb lengthening. However, treatment with growth hormone for ACH patients has no clear long-term benefit (23) (24) (25) . Surgical limb lengthening can only increase the limb length to some extent and the procedure is controversial and highly invasive and may cause severe complications including fractures and infections (26, 27) . Moreover, the macrocephaly and spinal stenosis in ACH cannot be readily corrected by surgical intervention (28) . Because of its neonatal lethality, it is extremely difficult to deliver surgical and growth hormone treatment to TD patients. Thus, more effective rationalized treatments are urgently needed for these skeletal disorders. Given its causal role in these skeletal disorders, FGFR3 and/or its downstream pathways are attractive targets for therapy. Indeed, Cnatriuretic peptide (CNP) is a newly identified potential therapeutic antagonist of FGFR3 signaling that alleviates dwarfism phenotype of ACH mice through its inhibition on the FGFR3 -MAPK pathway (29, 30) . In addition, we have found previously that parathyroid hormone (PTH)-related peptide (PTHrP) partially reversed the shortening of cultured bone rudiments from mice mimicking human ACH (31) . Human PTH (1 -34) stimulated the longitudinal bone growth in rats and improved the growth of the cultured femurs from mice expressing FGFR3 carrying a gain-of-function mutation (G380R) (32, 33) . ## P , 0.01, ### P , 0.001, versus TDII.) so, spheno-occipital; aio, anterior intraoccipital; s, scapula; h, humerus; r, radius; u, ulna; f, femur; t, tibia; fi, fibula.
Human Molecular
Different approaches have been used to block the signaling of transmembrane receptors, including chemicals, neutralizing antibody and peptides (15, 34) . Among them, peptides are getting more attention in drug development for their advantages (35, 36) . In addition, peptides can easily be synthesized and purified (37) , and peptide drugs have successfully been used in clinics such as a1-thymosin (38) . The efficient phage display technique has widely been used in screening the candidate peptide drugs (39, 40) .
In the present study, we have screened a random 12-peptide phage library to identify FGFR3 antagonists, from which 44 phage clones had been identified to selectively bind to FGFR3 and 23 of these clones have identical sequence. Furthermore, we have shown that this peptide (P3) specifically binds the extracellular domain of FGFR3 with a high affinity, suggesting the specific effect of P3 on FGFR3 activity. Indeed, we have found that peptide P3 inhibits activation of WT FGFR3 or constitutively active mutant FGFR3 (K650M and K664E). We further have proved that P3 markedly decreases the FGF2-induced ERK1/2 phosphorylation in FGFR3-expressing ATDC5 chondrogenic cells, suggesting the ability of P3 in inhibition of the ERK/MAPK pathway of FGFR3 signaling.
The growth retardation of long bones in ACH and TD patients or mice is caused by reduced chondrocyte proliferation and differentiation, as well as increased chondrocyte apoptosis (41) (42) (43) . In this study, we have shown that P3 suppresses the tyrosine kinase activity of FGFR3 and FGFR3-mediated ERK/MAPK activation, which is speculated to be the molecular basis for the rescuing effect of P3 on the retarded chondrocyte development, in bone rudiments cultures using the long bone derived from the mice mimicking human TDII. Consistently, inhibition of the ERK/MAPK pathway by CNP or U0126 was also found to alleviate the skeletal phenotypes of mice mimicking human ACH or Apert syndrome resulting from gain-of-function mutation in FGFR3 or FGFR2, respectively (29, 34) . These findings are supportive for our P3 rescuing experiments.
TDII patients usually die early after birth because of respiratory failure. In this study, we treated pregnant Fgfr3
Neo-K644E/+ mice that had been crossed with male heterozygous EIIa-Cre mice with daily intraperitoneal injection of P3 at E16.5 until birth. Among the 104 mice born by pregnant mice injected with P3, 12 of them were TDII mice. The reason for the low yield of TDII mice is currently unclear. Although we cannot exclude the potential side effects of P3, we suspect that the combined effect of differences in environment, generation and genetic background might contribute to this difference. More importantly, we found that P3-treated TDII mice developed a relatively normal thoracic cavity and lung structure compared with that of WT mice, which further supports the notion that the respiratory distress in TD patients is due to defects in cartilage/bone development of thoracic cavity. No gross histopathologic difference was found in other important organs, such as the heart, liver, spleen and kidney in TDII and WT mice born by pregnant mice treated with P3 (data not shown). Downregulation of FGFR3 activity in humans and knockout of the Fgfr3 gene in mice cause mainly bone overgrowth, and no significant abnormalities have been reported (6, 44, 45) . Given the ethical issues raised by treating TD patients, P3 may more practically be used to treat ACH patients, one of the most common forms of dwarfism.
Although this novel peptide has been found to rescue the bone growth retardation and postnatal lethality phenotype of mice mimicking human TDII, we noticed that the rescued TDII mice still had smaller body size than WT littermates, and the skull of the P3-treated TDII mice were still dome-shaped. Thus, further studies are required to optimize the structure of the peptide and formulations (dosage, timing, length of treatment, delivery, and/or combined application with other measures such as growth hormone and PTH), which may further improve the treatment outcome on skeletal phenotype.
Taken together, a novel peptide that binds to and antagonizes FGFR3 activity has been obtained by phage display approach. This peptide promotes chondrocyte proliferation and differentiation and subsequently rescues bone growth retardation and postnatal lethality phenotype of mice mimicking human TDII. This peptide may serve as a novel candidate peptide for the treatment of FGFR3-related skeletal dysplasia. In addition, since somatic gain-of-function mutations of FGFR3 have been found to be involved in bladder cancer, multiple myeloma and cervical cancer (46) (47) (48) (49) (50) (51) (52) (53) , this peptide may also serve as a novel inhibitor of FGFR3-signaling activity in cancer treatment.
MATERIALS AND METHODS
Biopanning of a 12-peptide phage display library with FGFR3
The PhD TM phage display peptide library (New England Biolabs) was used for biopanning. Microtiter plates (96-well) were coated with 20 mg/ml FGFR3 (Sigma) overnight at 48C and then were blocked with 1% (wt/vol) bovine serum albumin (BSA, Sigma) for 1 h at 378C. The plates were washed six times (1 min each) with 0.05% Tween-20 in phosphate-buffered saline (PBS). Sequentially, the PhD TM peptide library was added and shaken gently at room temperature for 1 h. After the plates were washed 10 times (1 min each) with 0.05% Tween-20 in PBS, each well of the plates was eluted with Gly-HCl buffer (pH 2.2) and neutralized with 1 M Tris -HCl (pH 9.1). Then the titer of the phage elution was detected. The eluate was amplified and purified for the next round of selection. Two additional rounds of screening were performed under conditions as follows: the amount of FGFR3 coated in the plates was reduced (1.5 mg/ ml in the second round of screening, 1 mg/ml in the third round). Moreover, the concentration of Tween-20 in PBS used for washing was increased (0.1% for the second round and 0.2% for the third round) and the time for washing was longer (10 × 2 min for the second round and 10 × 3 min for the third round).
ELISA assay for selected phage clones
Microtiter plates were coated with FGFR3 (20 mg/ml) and blocked with 1% BSA as above. Then the plates were washed six times (5 min each) with 0.05% Tween-20 in PBS. Phage clones (2 × 10 11 pfu/well) and control phage vcsM13 were added and incubated at room temperature for 1 h. For competitive elution, FGF2 (2 mg/ml) was added for incubation at room temperature for 1 h. After the plates were washed six times (5 min each) with 0.05% Tween-20 in PBS, anti-M13 antibody (Amersham Pharmacia) was added and incubated at 378C for 1 h. The plates were washed six times with 0.05% Tween-20 in PBS. Next goat anti-mouse immunoglobulin G (IgG) -HRP was added and incubated at 378C for 30 min. The plates were washed again with 0.05% Tween-20 in PBS and color development was initiated with addition of 3,3 ′ ,5,5 ′ -tetramethylbenzidine (TMB; 100 ml/well of TMB). The reaction was terminated 20 min later by adding 20 ml stopping buffer, and the absorbance was measured at 450 nm.
Isolation and sequencing of phage DNA and peptide synthesis
Total DNA of individual phage clones was isolated according to the sequencing kit manufacturer's recommended protocol (Biosystems). The isolated DNA of the positive clones was sequenced using an automated DNA sequencer at Shanghai Sangon Company. DNA sequences were analyzed using the BioEdit Sequence Alignment Editor software and the ProtParam programs. The peptides were synthesized at Shanghai ChinaPeptides Co., Ltd. by solid-phase synthesis and purified by high-performance liquid chromatography (HPLC).
Peptide P3 and FGFR3-binding assays
Ninety-six-well microtiter plates were coated with 100 ml of increasing amount of P3 overnight at 48C. After blocking with 5% BSA at 378C for 1 h, 150 ml of 20 mg/ml of either the extracellular region of FGFR3 (Sigma) or the intracellular region of FGFR3 (GST-fused FGFR3-ICD expressed in Escherichia coli strain BL21 cells and purified by affinity chromatography with glutathione -Sepharose 4B resin) (GE Healthcare) was added and incubated at 378C for 1 h. Plates were washed and incubated with biotinylated extracellular domain of FGFR3 antibody (Sigma) or biotinylated intracellular domain of FGFR3 antibody (Santa Cruz Biotechnology), followed by a secondary antibody conjugated with HRP (DAKO), and 5-amino-2-hydroxybenzoic acid as a substrate, with absorbance measured at 450 nm in an ELISA Reader.
Cell culture and cell viability assay
Mouse embryonic carcinoma-derived cell line ATDC5 cells were cultured in 96-well plates (1 × 10 4 cells/well) in Dulbecco's Modified Eagle Medium (DMEM)/F12 (1:1) media, supplemented with 5% fetal bovine serum (FBS) and incubated for 24 h. The cells were washed with DMEM/F12 and cultured in DMEM/F12 containing no FBS to starve the cells overnight. The medium was then replaced by DMEM/F12 containing serially diluted P3 alone. After being cultured for 24 h, the number of viable cells was determined by the MTT method as described previously (54) .
In vitro chongdrogenesis assay
Cells were plated at 1 × 10 5 cells/35 mm well in DMEM/F12 (1:1) containing 5% FBS. The cells were grown for 3 days after which the medium in the absence or presence of 10 mM of P3 was supplemented with 10 mg/ml human transferrin (Sigma), 3 × 10 -8 M sodium selenite (Sigma), 10 mg/ml bovine insulin (Sigma) to induce chondrogenesis for 7 days (55). The medium was replaced every other day. The cells were harvested at Day 3 and 7 of chondrogenic induction.
Micromass culture
ATDC5 cells were cultured in micromass cultures as described previously (56) . Briefly, ATDC5 cells were suspended in DMEM/F-12 (1:1) medium containing 5% FBS, 10 mg/ml streptomycin, 10 U/ml penicillin at a density of 1 × 10 7 cells/ml and plated in 10 ml droplets to simulate the high density chondrogenic condensations. After plating for 1 h, medium (as above, supplemented with 10 mg/ml human transferrin, 3 × 10 -8 M sodium selenite, 10 mg/ml bovine insulin) was added to the cultures and supplemented with 20 ng/ml of FGF2, 10 mM P3 or 20 ng/ml of FGF2 together with 10 mM P3. Medium were changed every 24 h until harvesting.
DMMB assay
DMMB dye solution and sample digestion solution were prepared as described previously (57) . Each sample at 100 ml and 2.5 ml DMMB dye solution were mixed and poured into aspectrophotometer cuvette, and the absorbance was measured at 525 nm immediately.
Mice
Fgfr3
Neo-K644E/+ mice were generated by us before (18) .
Neo-K644E/+ mice were crossed with heterozygous EIIa-Cre mice (58) to obtain Fgfr3
Neo-K644E/+ EIIa-Cre mice (TDII mice). All experiments were performed in accordance with the protocols approved by the Institutional Animal Care and Use Committee of Daping Hospital.
Bone explant culture
Metatarsal rudiments were isolated from WT and TDII mouse fetuses at E19.5. Metatarsals were dissected out under the microscope and cultured in 48-well plates with BGJb
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Human Molecular Genetics, 2012, Vol. 21, No. 26 medium supplemented with 0.05 mg/ml ascorbic acid, 0.5 mg/ ml L-glutamine, 10 mg/ml streptomycin, 10 U/ml penicillin, 1 mM b-glycerophosphate and 0.2% BSA. Metatasals were further treated with peptide P3 at 10 mM for 7 days. Medium was changed on the second day of culture. The rudiments were observed and photographed under a dissecting microscope (Leica) at 0 and 7 days of treatment. Two sets of pictures were taken under different light direction (light from the top of samples or from the bottom). The TL was measured with an eyepiece scale. The lengths of hypertrophic and proliferative zones were measured approximately as described previously (31) . The length of hypertrophic zone includes the regions of both the mineralized (the dark area) and unmineralized (the light non-mineralizing areas flanking the dark area) hypertrophic chondrocytes. The length of proliferative zone is calculated as the difference between the total length and the hypertrophic length. Changes in length were expressed as percentage increase relative to the value before the treatment (percentage increase ¼ [length at Day 7 -length at Day 0]/ length at Day 0).
Real-time PCR
From treated ATDC5 cells, total RNA was isolated by TRIZOL reagent (Invitrogen). Real-time PCR was repeated at least three times using Max3000 PCR machine (Stratagene) and SYBR Premix Ex TaqTM kit (Takara 
In vitro activation of FGFR3
HEK293T cells were plated in 60 mm dishes the day before transfection. Five micrograms of WT, K650M mutant and K644E mutant of FGFR3 constructs (pRK7/M2-huFGFR3-WT, pRK7/M2-huFGFR3-K650M, pcDNA3.1/ Myc-muFGFR3-K644E) were transfected individually. After transfection for 24 h, cells were incubated for 6 h in the absence or presence of 10 mM P3. Cells were lysed, immunoprecipitated with anti-M2 antibody (Sigma) or anti-Myc antibody (Santa Cruz Biotechnology). Blots were developed using anti-phospho-tyrosine antibody (Millipore). Lysates were analyzed by immunoblotting with antibodies against FGFR3 (Santa Cruz Biotechnology) and b-actin (Sigma) as controls.
Western blot analysis
ATDC5 cells were lysed in an ice-cold buffer containing 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1% Nonidet P-40, 0.1% sodium dodecyl sulfate (SDS), and a cocktail of protease inhibitors (Roche). Protein samples (10 mg) were resolved on a 10% SDS-polyacrylamide gel electrophoresis (PAGE) gel and transferred onto a polyvinylidene difluoride membrane (Millipore). Then antibodies against phospho-ERK1/2 (Cell Signaling) and b-actin (Sigma) were used to probe the blots followed by enhanced chemiluminescent signal detection.
Skeletal analysis and histology
The whole-skeleton staining with Alizarin red and Alcian blue was performed as described by McLeod (59) . Whole skeletons were harvested, stored in 70% ethanol and were subjected to high-resolution X-ray examination. For histological analysis, the tibiae were fixed in 4% paraformaldehyde in 0.01 M PBS (pH 7.4), decalcified in 15% ethylenediamminetetraacetate (pH 7.4) and embedded in paraffin as previously described (54) . Sections (6 mm) were stained with Hematoxylin and Eosin (H&E).
Statistical analysis
Data were presented as mean OD values + SD and statistical differences between groups were assessed by Student's t-test, assuming double-sided independent variance and P-values of ,0.05 were considered significant.
